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Abstract

Background: Genomic instability and chemoresistance can arise in cancer due to a unique form of plasticity: that of
polyploid giant cancer cells (PGCCs). These cells form under the stress of chemotherapy and have higher than diploid
chromosome content. PGCCs are able to then repopulate tumors through an asymmetric daughter cell budding
process. PGCCs have been observed in ovarian cancer histology, including the deadly and common form high-grade
serous ovarian carcinoma (HGSC). We previously discovered that drugs which disrupt the cellular recycling process of
autophagy are uniquely efficacious in pre-clinical HGSC models. While autophagy induction has been associated with
PGCCs, it has never been previously investigated if autophagy modulation interacts with the PGCC life cycle and this
form of tumor cell plasticity.

Methods: CAOV3 and OVCAR3 ovarian cancer cell lines were treated with carboplatin or docetaxel to induce PGCC
formation. Microscopy was used to characterize and quantify PGCCs formed by chemotherapy. Two clinically avail-
able drugs that inhibit autophagy, hydroxychloroquine and nelfinavir, and a clinically available activator of autophagy,
rapamycin, were employed to test the effect of these autophagy modulators on PGCC induction and subsequent
colony formation from PGCCs. Crystal violet-stained colony formation assays were used to quantify the tumor-repop-
ulating stage of the PGCC life cycle.

Results: Autophagy inhibitors did not prevent PGCC formation in OVCAR3 or CAOV3 cells. Rapamycin did not induce
PGCC formation on its own nor did it exacerbate PGCC formation by chemotherapy. However, hydroxychloroquine
prevented efficient colony formation in CAOV3 PGCCs induced by carboplatin (27% inhibition) or docetaxel (41%
inhibition), as well as in OVCAR3 cells (95% and 77%, respectively). Nelfinavir similarly prevented colony formation in
CAOV3 PGCCs induced by carboplatin (64% inhibition) or docetaxel (94% inhibition) as well as in OVCAR3 cells (89%
and 809%, respectively). Rapamycin surprisingly also prevented PGCC colony outgrowth (52-84% inhibition).

Conclusions: While the autophagy previously observed to correlate with PGCC formation is unlikely necessary for
PGCCs to form, autophagy modulating drugs severely impair the ability of HGSC PGCCs to form colonies. Clinical trials
which utilize hydroxychloroquine, nelfinavir, and/or rapamycin after chemotherapy may be of future interest.
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Background

Ovarian cancer is the fifth most frequent cause of cancer
death in women. It is estimated that 21,410 new cases
and 13,770 deaths occurred in the United States in 2021
[1]. Ovarian cancer is a heterogenous disease that is clas-
sified into serous, endometroid, mucinous, and clear cell
subtypes based on distinct histology and genetics. Ovar-
ian high-grade serous carcinoma (HGSC) is the most
common and deadly histotype and is responsible for
approximately 70% of ovarian cancer cases and deaths
[2, 3]. This most lethal female reproductive cancer is
nicknamed the “silent killer” as patients are frequently
diagnosed at advanced stages with metastatic disease
[4]. The standard-of-care for HGSC patients includes
cytoreductive surgery and chemotherapy, usually carbo-
platin and paclitaxel, but many patients experience plat-
inum-resistant relapse and 5-year survival rates are less
than 50% [1]. While cancer research has seen profound
progress in many areas over the past five decades, only
marginal increases in overall- and disease-free survival
in ovarian cancer patients have occurred and improved
therapies are critically needed.

Ploidy is more flexible in cancer cells than non-trans-
formed cells. HGSC tumors are triploid or higher in
whole-genome average ploidy in 53-56% of cases [5, 6].
Single-cell sequencing has revealed untreated on-average
diploid HGSC tumors exhibit 2—-4% of epithelial cells in a
triploid or higher ploidy [7]. Ploidy gains can be induced
in cancer cells, often by chemotherapy or other forms of
stress. Following a lethal dose of chemotherapy, most cells
in a population undergo cell death, but some cells are able
to enter a quiescent, therapy-induced state and survive.
Remarkably, many of these cells have been observed in
histological sections to be polyploid, including in ovarian
cancer [8]. Such polyploid cells may contain either a single
much-enlarged nucleus or an amalgamation of diploid or
larger sized nuclei. Polyploid giant cancer cells (PGCCs)
are defined as cancer cells with tetraploid or higher ploi-
dies (4 N) that express markers of or have properties of
stem cells [9-12].

PGCCs exhibit unique life cycle characteristics which
implicate their important roles in chemoresistance and
tumor evolution. Polyploidy initially forms by a vari-
ety of mechanisms which can include cell-cell fusion
or endoreplication (duplication of the genome with-
out mitosis). Chemotherapies such as DNA-damaging
platinum agents and microtubule-stabilizing taxanes
induce formation of PGCCs. These PGCCs are tem-
porarily arrested in the cell cycle and express senes-
cence markers such as p21 [13]. After a period of days
to weeks, PGCCs re-enter the cell cycle and repopu-
late the tumor with drug-resistant progeny [14, 15].
This can occur partially through symmetric division of

Page 2 of 13

polyploid cells, but more substantially occurs via asym-
metric budding of lower-ploidy daughter cells from the
originating PGCC, which then re-enter the cell cycle.
The latter daughter-budding process is termed “neo-
sis,” which we adopt here [11]. As the PGCC progeny
resemble the original parental cells, the entire process
of PGCC formation and subsequent progeny genera-
tion is referred to as the PGCC life cycle [9, 10]. PGCC
progeny are resistant to the therapies that originally
induced their formation, recapitulating the develop-
ment of drug-resistant cancers [12, 13, 16]. Progeny of
ovarian cancer PGCCs have highly variable karyotypes,
providing a source of genetic diversity which may ena-
ble the evolution of chemoresistance [17].

Aneuploidy is unusually high in HGSC. HGSC
has~ 16,000 genes altered in dosage by copy number
alterations (CNAs) in the median tumor due to a high
degree of aneuploidy and focal (sub chromosome arm-
level) copy number alterations [18]. Specifically, the
tumor suppressor p53 is mutated in essentially all (96%)
HGSCs [19, 20], enabling aneuploid cells to survive.
Using genetic pathway analyses of HGSC CNAs, we
discovered the autophagy cellular recycling pathway is
the most downregulated pathway by CNA losses with
98% of tumors having multiple heterozygous deletions
of autophagy genes. Yet, autophagy remains critical for
these cancer cells. Autophagy is a stress response mech-
anism required for drug resistance in ovarian cancer
[21-23]. Autophagy is upregulated during the formation
of PGCCs [24, 25].

We previously discovered that autophagy is a targetable
vulnerability, as drugs disrupting autophagy killed both
chemo-sensitive and chemo-resistant ovarian cancer cells
in vitro and in vivo [18, 26]. HGSC growth was inhibited
by autophagy inhibitors, chloroquine or nelfinavir, as well
as autophagy inducers, such as the mTORC1 inhibitor
rapamycin. However, neither we nor the PGCC field has
examined whether autophagy drugs impinge on the life
cycle of PGCCs. We hypothesized that autophagy-modu-
lating-therapeutics may interfere with the chemotherapy-
induced PGCC life cycle in ovarian cancer cells. Here, the
impact of these autophagy modulators on chemother-
apy-induced PGCC formation and neosis by PGCCs was
investigated.

Methods

Cell culture

CAOV3 and OVCAR3 human ovarian cancer cell lines
were from ATCC and were cultured in RPMI-1640 sup-
plemented with L-glutamine, 10% fetal bovine serum,
sodium pyruvate, and penicillin—streptomycin. Cells
were incubated at 37 °C with 5% CO,.
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Chemotherapy-induced polyploid giant cancer cell
induction and neosis

Carboplatin- and docetaxel-induced PGCC forma-
tion and subsequent daughter cell formation were stud-
ied over the span of 14 days. CAOV3 cells were seeded
at 100,000 cells/mL and OVCAR3 cells were seeded
at 250,000 cells/mL, 24 h later cells were treated with
10 uM carboplatin or 5 nM docetaxel for 3 days, followed
by 3 days of recovery. For experiments testing effects of
autophagy-targeting therapeutics on PGCC develop-
ment, cells were treated with 33 uM hydroxychloroquine,
10 puM nelfinavir, or 10 nM rapamycin alone or concur-
rently with carboplatin or docetaxel, and after 3 days of
drug treatments and 3 days of recovery, cells were fixed,
stained, imaged, and nuclear content was quantified as
described below. For studies of daughter cell formation
by PGCCs, on day 7 PGCCs were isolated based on size-
exclusion with pluriSelect” cell strainers of 30 um for
CAOV3 cells and 10 um for OVCARS3 cells. Then cells
were re-plated, allowed to rest for 24 h, and treated with
33 uM hydroxychloroquine, 10 uM nelfinavir, or 10 nM
rapamycin for a total of six days with a media change
containing fresh drugs in the middle. Finally, colonies
which arose from PGCCs were fixed, imaged, and quanti-
fied through crystal violet staining as described below.

Nuclear Quantification

DNA staining with Hoechst 33342 was used to quantify
changes in CAOV3 and OVCARS3 cell nuclear content.
Specifically, cells were fixed with ice-cold methanol at
-20 °C for 7 min, permeabilized with 0.1% Triton X-100
for 2 min, blocked with 5% bovine serum albumin (BSA)
/ 5% goat serum in phosphate buffer saline (PBS) at room
temperature for 45 min, and incubated with the primary
antibody mouse anti-E-Cadherin (BD, #610182) over-
night. Secondary anti-rabbit Alexa Fluor 594 (Fisher Sci-
entific) was used at 1:1,000 and Hoechst 33342 (Fisher
Scientific, #A11029) was used at 1:10,000 and were
diluted into 5% BSA / 5% goat serum and incubated for
90 min. The immunofluorescent cells were then imaged
using the Lionheart FX automated microscope (BioTek)
and NIH Image] (Fiji) software was utilized in addi-
tion with a custom macro to measure nuclear area and
intensity using Hoechst 33342 staining. Fifty repre-
sentative cells were counted in each of two independent
experiments, and the data were normalized and aggre-
gated. The median nuclear area X intensity of the control
CAOV3 and OVCARS cells was designated as “normal
ploidy’; and to exclude cells undergoing normal mitotic
processes (normal—2X normal ploidy), a threshold DNA
content>4.5X normal ploidy was used to classify cells
as PGCCs. Using the total number of cells classified as
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“normal” or PGCCs, contingency tables were generated,
and Fisher’s exact tests were conducted to test for signifi-
cant differences between treatment groups.

Western blotting

Western blotting was performed as described previously
[18] to confirm that autophagy-targeting therapeutic
treatment affected the expression of the autophagy mark-
ers GRP78 and LC3B-II. As above, CAOV3 cells were
treated with 33 pM hydroxychloroquine, 10 uM nelfi-
navir, or 10 nM rapamycin alone or concurrently with
carboplatin or docetaxel for 72 h, then cells were lysed
in ice-cold RIPA buffer supplemented with a protease
inhibitor cocktail (Sigma-Aldrich). After centrifugation
at 10,000 g for 10 min at 4 °C, protein concentration in
the supernatants was quantified by bicinchoninic acid
assay (BCA; Pierce #23235). For each sample, 30 pug was
resolved on 4 — 20% gradient polyacrylamide gels (Bio-
rad #4561093), transferred to nitrocellulose membranes,
blocked using 5% milk in PBS, and incubated overnight
with B-actin (Thermo Fisher #MA515739), GRP78 (Cell
Signaling #3177), or LC3B (Novus Biologicals #NB100-
2220) primary antibodies at 1:1000 dilutions. Horse-
radish peroxidase conjugated goat anti-mouse (Sigma
#12-3349) and goat anti-rabbit (VWR #100244-772)
secondary antibodies were incubated in TBST at 1:5000
dilutions for 45 min. Enhanced chemiluminescence
(ECL, Biorad #1705060), a Chemidoc Imaging System
(Biorad), and NIH Image] software were used to visualize
the results.

Quantification of colony formation with crystal violet
PGCCs were isolated after three days of chemotherapy
treatment followed by three days of rest. Specifically,
CAOV3 and OVCARS3 cells were trypsinized and filtered
through 30 pm size-exclusion cell strainers for CAOV3
cells (pluriSelect, #43-50030-03) and with cell strainers
of 10 pum size-exclusion for OVCARS cells (pluriSelect,
#43-50010-03). After rinsing the strainers with 10 mL
of media, the cell strainers were inverted and PGCCs
were gathered and re-plated. After one week of colony
outgrowth, CAOV3 and OVCAR3 cells were fixed in
methanol, stained with 0.2% crystal violet in PBS at room
temperature for 20 min, washed twice with PBS, and
representative brightfield images were acquired with a
Lionheart FX microscope (BioTek). After imaging, crys-
tal violet was resuspended in 10% glacial acetic acid and
absorbance at 600 nm was read in an Epoch 2 spectro-
photometer (BioTek).

Statistical analysis
For the data in PGCC formation assays, statistical sig-
nificance was calculated using Fisher’s exact tests. For
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Fig. 1 Polyploid Giant Cancer Cell (PGCC) life cycle and experimental setup for CAOV3 and OVCAR3 PGCC induction and subsequent progeny
generation. A PGCC life cycle depicting a diploid cancer cell undergoing chemotherapy-induced polyploidization followed by neosis — the
generation of diploid progeny through depolyploidization. B Timeline for assessing the effect of the autophagy modulators hydroxychloroquine
(HCQ), nelfinavir mesylate (NFV), and rapamycin (Rapa) on carboplatin- (CPt) or docetaxel- (DTx) induced PGCC formation and subsequent progeny
generation. CAOV3 or OVCARS3 cells were seeded on day 0, treated with chemotherapy drugs CPt or DTx from day 1 through day 4, allowed to
recover for three days. To assess the effect of the autophagy modulators on PGCC formation, cells were treated with HCQ, NFV, or Rapa concurrently
with CPt or DT, then fixed, stained, and imaged on day 7 as described in Methods. C To assess the effect of the autophagy modulators on PGCC
progeny development, cells were treated with CPt or DTx from day 1 through day 4 and allowed to recover from day 4 — day 7 as above, but then
PGCCs were separated based on cell size and re-plated, allowed to adhere overnight, then treated with HCQ, NFV, or Rapa on day 8 through day

14 — a time during which PGCCs form progeny. Finally, PGCC progeny were fixed, stained with crystal violet, imaged, and quantified as described in
Methods. D Clinically available autophagy drugs used in this study are briefly diagrammed for their mechanisms in terms of proteotoxic stress and

the data in colony quantitation assays, a two-tailed, Stu-
dent’s ¢-test was used to calculate statistical significance.
P<0.05 was considered statistically significant.

Results

PGCC life cycle overview and experimental setup

The PGCC life cycle is illustrated in Fig. 1A: a cancer cell
undergoes polyploidization due to genotoxic or micro-
tubule stress caused by chemotherapy to form a PGCC,
which can have multiple nuclei or a single, enlarged
nucleus. Adopting the polyploid state allows the PGCC
to survive the stress, and following resolution of the
stress, PGCCs eventually produce progeny through neo-
sis. Two sets of experiments were conducted to assay
the interaction of autophagy drugs with this PGCC life
cycle: the first set focused on PGCC generation (Fig. 1B),
whereas the second set investigated progeny generation
by PGCCs (Fig. 1C). Note that PGCCs cells are assessed
(day 7) after many diploid cells have died from carbo-
platin (CPt) or docetaxel (DTx) chemotherapy (peak-
ing on days 3-5). As this study seeks to understand the
interaction of autophagy with the PGCC life cycle, three

autophagy-modulating drugs were used: hydroxychloro-
quine, nelfinavir mesylate, and rapamycin (Fig. 1D). Nelf-
inavir mesylate (NFV) induces endoplasmic reticulum
stress [27], but also inhibits autophagy [18]. Hydroxy-
chloroquine (HCQ), a clinically used derivative of chlo-
roquine, prevents autophagosome-lysosome fusion,
creating proteotoxicity while also inhibiting autophagic
flux [28]. Rapamycin (Rapa), an mTORC1 inhibitor,
induces autophagy by de-repressing ULK1 [29], but also
slows cellular proliferation and creates ribosomal imbal-
ances [30]. All three were derived from our previous drug
studies showing each independently contribute to cellu-
lar toxicity in HGSC cells in vitro and in vivo 18, 26].

Induced formation of PGCCs by standard HGSC
chemotherapies

OVCAR3 and CAOV3 cell lines were chosen as models
because they have two hallmarks of HGSC: both have
p53 mutations and extensive CNAs [31]. To generate
PGCCs, CAOV3 or OVCARS3 cells were seeded on day
0, treated with 10 pM CPt or 5 nM Dtx for 72 h (days
1-4) and then allowed to recover for 72 h before ending



Bowers et al. BMC Cancer (2022) 22:410

the experiment on day 7 (see Fig. 1B). DNA content in
100 untreated, CPt-, and DTx-treated cells from two
independent experiments was quantified in both CAOV3
and OVCARS3 cells after 3 days of chemotherapy and
3 days of rest. Example images of PGCCs are provided in
Fig. 2A. The median DNA content of the control cells was
defined as “normal ploidy” and, to exclude cells under-
going normal mitotic processes (normal to 2X normal),
cells having > 4.5X normal DNA content were classified
as PGCCs as described in Methods. Contingency tables
were generated using the total number of cells classified
as “normal” or PGCCs, and Fisher’s exact tests were con-
ducted to test for significant differences between treat-
ment groups. In untreated CAOV3 cells, 1% of cells were
classified as PGCCs whereas CAOV3 cells treated with
CPt contained 40% PGCCs (Fig. 2B) and DTx treated
cells contained 32% PGCCs (Fig. 2C). For untreated
OVCARS3 cells, 1% of cells were classified as PGCCs
whereas OVCARS3 cells treated with CPt or DTx had 16%
and 35% PGCCs, respectively (Fig. 2D and E). These data
demonstrate that both CPt and DTxl induce the forma-
tion of PGCCs in CAOV3 and OVCAR3 ovarian cancer
cell lines. These polyploid cells had DNA contents of
4.5X — 16X normal or more.
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Autophagy inhibitors do not prevent PGCC formation

Given that autophagy is known to be upregulated dur-
ing PGCC formation [24, 25], we next investigated if
clinically available inhibitors of autophagy prevented
chemotherapy-induced PGCC formation. The inhibi-
tors HCQ or NFV were used. CAOV3 or OVCARS3 cells
were treated with HCQ alone or concurrently with CPt
or DTx for 3 days (day 1 — day 4) and allowed to recover
for 3 days. Cells were fixed on day 7 and nuclear area
and intensity were quantified as previously described.
CAOV3 cells treated with HCQ alone had 2% PGCCs, a
non-significant difference than the 1% PGCCs observed
in control cells (Fig. 3A). Although concurrent treatment
of CAOV3 cells with HCQ and CPt decreased PGCCs
to 34% versus 40% in CPt alone, this trend was not sta-
tistically significant (Fig. 3B). There was no difference in
CAOV3 cells co-treated with HCQ and DTx compared to
DTx alone, 33% versus 32% PGCCs respectively (Fig. 3C).
OVCAR3 cells treated with HCQ alone and control
OVCARS3 cells both had 1% PGCCs (Fig. 3D). Concur-
rent treatment of OVCAR3 cells with HCQ and CPt
yielded slightly, but not significantly more PGCCs than
CPt alone, 20% versus 16%, respectively (Fig. 3E). Simi-
larly, OVCARS3 cells co-treated with HCQ and DTx had
45% PGCCs compared to 35% PGCCs for DTx alone, but
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Fig. 2 Carboplatin (CPt) and docetaxel (DTx) induce the formation of CAOV3 and OVCAR3 PGCCs. A Representative photomicrographs of CAOV3
and OVCAR3 PGCCs formed by 10 uM CPt or 5 nM DTx are shown. E-Cadherin stain (green) was used to allow cytoplasmic determination, while
Hoescht 33342 (blue) was used for nuclei quantitation. Note E-Cadherin well delineates cell-cell junctions in bound OVCAR3 cells. Scale bars are

10 um. B CAOV3 cells were treated with 10 uM CPt or vehicle control (72 h treatment) and assessed for PGCC formation (72 h after CPt removal,

by Hoescht 33342 quantitation). Threshold for PGCC identification is indicated by dashed gray line. C CAOV3 cells were similarly assessed for PGCC
formation induced by 5 nM DTx. D, E OVCARS3 cells were similarly assessed for PGCC formation rates. P-values indicated Fisher's exact test result, and
100 cells quantified from two independent experiments are shown
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Fig. 3 Hydroxychloroquine (HCQ) does not prevent CPt-or DTx-induced PGCC formation in CAOV3 and OVCAR3 cells. A CAOV3 cells were treated
with 33 pM HCQ or vehicle control for 72 h and allowed to recover in fresh drug-free media for 72 h prior to PGCC quantitation by Hoescht 33342
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result, and 100 cells quantified from two independent experiments are shown

this increase was not significant (P=0.19; Fig. 3F). Over-
all, these data show that co-treatment with HCQ and
chemotherapy led to similar levels of PGCC induction as
chemotherapy alone in CAOV3 and OVCARS3 cells.

Next, NFV was tested in the context of chemother-
apy-induced PGCC formation. NFV alone had no effect
on PGCC incidence in CAOV3 cells, 2% PGCCs were
observed following NFV versus 1% PGCCs in con-
trol cells (Fig. 4A). In CAOV3 cells co-treated with
CPt and NFV there were 36% PGCCs compared to
40% PGCCs in CPt alone, not a significant difference
(Fig. 4B). Although there was a trend for co-treatment
of NFV and DTx to increase PGCC formation com-
pared to DTx alone to 42% from 32% in CAOV3 cells,
this trend was not statistically significant (Fisher’s
exact test statistic 0.19; Fig. 4C). As in CAOV3 cells,
NFV treatment alone had no effect on background
PGCC incidence in OVCARS3 cells, 2% PGCCs in NFV-
treated versus 1% PGCCs in the control cells (Fig. 4D).
In CPt treated OVCARS3 cells, NFV co-treatment had
21% PGCCs versus 16% PGCCs in CPt alone, an insig-
nificant increase (Fig. 4E). In OVCARS3 cells co-treated
with DTx and NFV compared to DTx alone, how-
ever, a marked increase to 60% from 35% PGCCs was
observed (p=0.0006; Fig. 4F). Thus, in both CAOV3

and OVCARS3 cells, NFV caused no changes in basal
PGCC levels or in PGCC levels induced by CPt. In the
context of DTx-induced PGCC formation, there was a
trend for NFV to increase PGCC formation by CAOV3
cells and a significant increase in PGCC formation in
OVCARS3 cells.

Taken together, two clinically-available inhibitors of
autophagy did not prevent the formation of PGCCs
in OVCAR3 or CAOV3 ovarian cancer cells. These
autophagy inhibitors worked differently than CPt or
DTx in that neither autophagy inhibitor stressed CAOV3
or OVCARS3 cells to induce PGCC formation, although
in combination with chemotherapy there was a trend
toward increased PGCC formation.

The autophagy activator rapamycin does not exacerbate
PGCC formation

Since autophagy is induced during PGCC formation,
it is reasonable to hypothesize that further stimula-
tion of autophagy might enable more cells to form
PGCCs following chemotherapy induction. To test this,
the well-characterized, clinically available autophagy
inducer rapamycin (Rapa) was used. Rapa treatment was
conducted in the context of PGCC formation by CAOV3
and OVCARS3 cells. Rapa alone had no significant effect



Bowers et al. BMC Cancer (2022) 22:410 Page 7 of 13

A A CAOV3 B A CAOV3 C ] CAOV3
A Control non-PGCC A CPt non-PGCC f A DTx non-PGCC
] A Control PGCC 8 - ACPtPGCC 8 - ADTxPGCC
L 244 «NFVnon-PGCC & = 4 { ¢ CPtNFV non-PGCC 5 £ 4 1 ¢ DTx*NFv non-PGCC
© 2 *NFV PGCC £ © | *#CPENFVPGCC - * DTx+NFV PGCC
T D 2 32
oz L2 L T2
S S S
P z Z P<0.19
1 11 21 31 41 51 61 71 81 91 1 1121 31 41 51 61 71 81 91 1 11 21 31 41 51 61 71 81 91
Cell ID Cell ID Cell ID
D OVCAR3 E OVCAR3 F OVCAR3
6 6 6 7 ADTx non-PGCC
A Control non-PGCC . A CPt non-PGCC © ADTx PGCC
8 - A Control PGCC o > ACPtPGCC o > # DTx+NFV non-PGCC
5 = 41 ¢NFVnon-PaCC & % 4 1 ¢ CPt+NFV non-PGCC ‘@ 4 1eDTx+NFV PGCC
£ £ | eNFvPcce & 5 5 |ecPunFvpPaee s 5
o€ o E
% E 5 ;E 2 5 ;E 2
3+ 3 3 ** P < 0.001
1 1121 3141516171819 1 112131 41516171819 1 1121 3141516171819
Cell ID Cell ID Cell ID
Fig. 4 Nelfinavir mesylate (NFV) does not prevent CPt- or DTx-induced PGCC formation in CAOV3 or OVCAR3 cells. A CAOV3 cells were treated
with 10 uM NFV or vehicle control for 72 h and allowed to recover in fresh drug-free media for 72 h prior to PGCC quantitation by Hoescht 33342
staining. B CAOV3 cells were co-treated with CPt and NFV or vehicle control for 72 h and allowed to recover in fresh drug-free media for 72 h prior
to PGCC quantitation. € CAOV3 cells were co-treated with DTx and NFV or vehicle control for 72 h and allowed to recover in fresh drug-free media
for 72 h prior to PGCC quantitation. D-F Identical experiments as in (A-C) were performed using OVCAR3 cells. P-values indicated Fisher's exact test
result, and 100 cells quantified from two independent experiments are shown

A ] CAOV3 B CAOV3 C . CAOV3
4 Control non-PGCC 67 scptnon-Pacc £ A DTx non-PGCC at
@© A Control PGCC S .. ACPtPGCC S .. ADTxPGCC [{
o _~§‘4 ¢ Rapa non-PGCC E '%‘ 4 4 ¢ CPt+Rapa non-PGCC E "5 4 4 ¢ DTx+Rapa non-PGCC
©a + Rapa PGCC CC ¢ CPt+Rapa PGCC L C * DTx+Rapa PGCC ’
o O o Q T O
Oy Oy O T 2
Q= =2 2 Q@
S cha S
3" = P<046 = p<om
11121 31 41 51 61 71 81 91 1 1121 31 41 51 61 71 81 91 1112131 41 51 61 71 81 91
Cell ID Cell ID Cell ID
D OVCAR3 E OVCAR3 F OVCAR3
6 6 6
A Control non-PGCC © A CPt non-PGCC © ADTx non-PGCC
8 > A Control PGCC o > ACPt PGCC o > ADTxPGCC
a -(‘%4 ¢ Rapa non-PGCC T p 4 ¢ CPt+Rapa non-PGCC S n 4 ¢ DTx+Rapa non-PGCC
s S # Rapa PGCC A 55 + CPt+Rapa PGCC 55 * DTx+Rapa PGCC
= [oR—] o =
< c2 ° £2 o £ 2
g . S o« S x
= z z P <0.086
1 1121 31 41 51 61 71 81 91 1 11 21 31 41 51 61 71 81 91 1 1121 31 41 51 6171 81 91
Cell ID Cell ID Cell ID

Fig. 5 Rapamycin (Rapa) does not increase PGCC formation in CAOV3 or OVCAR3 cells. A CAOV3 cells were treated with 10 nM Rapa or vehicle
control for 72 h and allowed to recover in fresh drug-free media for 72 h prior to PGCC quantitation by Hoescht 33342 staining. B CAOV3 cells were
co-treated with CPt and Rapa or vehicle control for 72 h and allowed to recover in fresh drug-free media for 72 h prior to PGCC quantitation. C
CAQV3 cells were co-treated with DTx and Rapa or vehicle control for 72 h and allowed to recover in fresh drug-free media for 72 h prior to PGCC
quantitation. D-F Identical experiments as in (A-C) were performed using OVCAR3 cells. P-values indicated Fisher's exact test result, and 100 cells

quantified from two independent experiments are shown




Bowers et al. BMC Cancer (2022) 22:410

on PGCC formation of CAOV3 cells (Fig. 5A). In CAOV3
cells co-treated with CPt and Rapa versus CPt alone, an
insignificant decrease in PGCCs to 34% from 40% was
observed (Fig. 5B). Similarly, co-treatment of CAOV3
cells with Rapa and DTx versus DTx alone, a decrease to
21% from 32% PGCCs respectively was observed, but this
trend did not reach significance (p=0.11; Fig. 5C). Rapa
alone had no significant effect on PGCC formation of
OVCARS3 cells (Fig. 5D). OVCAR3 cells displayed no sig-
nificant difference in PGCC formation when co-treated
with Rapa and CPt compared to CPt alone (Fig. 5E). In
OVCARS3 cells co-treated with Rapa and DTx versus DTx
alone, a decrease to 23% from 35% PGCCs was observed,
but this difference was not statistically significant (Fish-
er’'s exact test statistic 0.086; Fig. 5F). Thus, although
Rapa tended to decrease chemotherapy-induced PGCC
formation in both CAOV3 and OVCARS cells, these
trends were not statistically significant. Taken together
with the HCQ and NFV results, these findings are incon-
sistent with the hypothesis that autophagy induction is
either necessary or sufficient for PGCC induction.

Autophagy-targeting therapeutics affect expression

of the autophagy markers GRP78 and LC3B

Western blotting was employed to confirm that the
autophagy markers GRP78 and LC3B were affected by
treatment with the autophagy-modulating therapeutics.
CAOV3 cells were treated, as in Figs. 3, 4 and 5, with
33 uM HCQ, 10 pM NEFV, or 10 nM Rapa both without
and with cotreatment with CPt or DTx. After 72 h of
treatment, the cells were harvested for western blotting
of B-actin, GRP78, and LC3B as described in Meth-
ods. HCQ inhibits autophagosomal-lysosomal fusion
resulting in the accumulation of autophagosomes. As
expected, HCQ treatment alone or in concert with
CPt or DTx consistently increased LC3B-II — the lower
band consists of lipidated (conjugated to phosphatidy-
lethanolamine) LC3B, referred to as LC3B-II, which is
present in autophagosomes (Fig. 6A). HCQ treatment
did not have a marked effect on GRP78 levels, although
HCQ alone slightly increased GRP78 expression
(Fig. 6A). NFV treatment did not have a marked effect
on LC3B-II levels, but NFV, especially NFV cotreat-
ment with CPt or DTx, led to an increase in GRP78
levels (Fig. 6B). Treatment with the autophagy activator
Rapa, by contrast, led to a marked decrease in GRP78
levels whether used alone or in concert with CPt or
DTx chemotherapies, and Rapa treatment resulted in
decreased LC3B-II (Fig. 6C). Together these results
demonstrate that the doses of the autophagy-modulat-
ing therapeutics employed here affected autophagy in
the expected manner.
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Fig. 6 Autophagy-modulating therapeutics alter the expression of
GRP78 and LC3B-IIl. CAOV3 cells were treated for 72 h with vehicle
control or HCQ (A), NFV(B), or Rapa (C) and concurrently with and
without CPt or DTx as indicated and western blotting for GRP78, actin,
and LC3B was conducted as described in Methods. LC3B runs as a
doublet; the upper band is free cytosolic LC3B-I and the lower band is
lipidated LC3B-Il present in autophagosomes. Blots are representative
of two independent experiments. Full-length blots are presented in

Supplementary Fig. 1

Autophagy disrupting drugs prevent tumor cell colony
formation from isolated PGCCs

Given that the autophagy drugs we tested here ablate
HGSC tumors in vivo [18], we postulated that PGCC life
cycle must be disrupted at a stage other than initiation.
Therefore, we tested the effect of these same autophagy
modulators on the next stage of PGCC life cycle: tumor
cell colony formation. CPt and DTx were used to induce
PGCC formation in CAOV3 and OVCARS3 cells as above.
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On day 7, PGCCs were filter-purified and re-plated. Iso-
lated PGCCs were then treated with HCQ, NFV, or Rapa
for 6 days (days 8-14), during PGCC daughter cell for-
mation. On day 14, a total of 10 days after the end of
chemotherapy exposure, colonies of PGCC progeny were
stained with crystal violet and representative images
were captured before re-suspending the crystal violet and
quantifying absorbance at 600 nm (as described in Meth-
ods and Fig. 1C).

Treatment of CAOV3 cells with HCQ during PGCC
progeny formation led to a significant reduction in
progeny formation to 73% of control for PGCC progeny
formed following exposure to CPt and 59% of control for
PGCC progeny formed following DTx exposure (Fig. 7A
and B). A decrease in CAOV3 PGCC progeny was also
observed following treatment with NFV where only 36%
CPt-induced PGCC progeny and 6% DTx-induced PGCC
progeny formed (Fig. 7A and B). In OVCAR3 cells,
treatment with the same dose of HCQ led to a larger
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reduction of PGCC progeny formation; HCQ treatment
reduced progeny by 95% in the context of CPt and 77%
in the context of DTx-induced PGCC daughter cell for-
mation (Fig. 7C and D). Likewise, treatment with NFV
decreased progeny formation by OVCAR3 PGCCs by
89% for CPt-induced PGCCs and 80% for DTx-induced
PGCCs (Fig. 7C and D). Taken together, the prevention
of PGCC-mediated colony formation by clinically avail-
able autophagy inhibitors was observed.

Similar to our PGCC formation rationale, we suspected
the autophagy activator Rapa may have the opposite
effect of HCQ and NFV. Rapa was next investigated in
the context of PGCC-mediated colony formation. Sur-
prisingly, Rapa decreased progeny generation by CAOV3
CPt-PGCCs by 50% and ~80% for DTx-PGCCs (Fig. 7A
and B). In OVCARS3 cells, Rapa treatment decreased
PGCC progeny generation from CPt-induced PGCCs to
28% of controls and DTx-induced PGCC progeny forma-
tion to 37% of controls (Fig. 7C and D).
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Fig. 7 HCQ, NFV, and Rapa prevent colony outgrowth from chemotherapy-induced PGCCs in CAOV3 and OVCAR3 cells. A CAOV3 PGCCs were

initially formed using the 72 h CPt treatments followed by fresh drug-free media for 72 h. These PGCCs were isolated using size-exclusion filters and
replated. 33 uM HCQ, 10 uM NFV, or 10 nM Rapa was then added and replenished 72 h after first drug addition. Resultant colonies originating from
isolated PGCCs were then stained and quantified using crystal violet. Representative stained colonies are shown. B A similar assay was used to query
CAQV3 PGCCs formed by 5 nM DTx. C, D. Identical assays as in (A, B) were performed for OVCAR3 cells. Data are mean =+ standard deviation of three
independent experiments. Scale bar indicates 2 mm. * P<0.05 and ** P<0.01 by Student’s t-test comparing drug-treated to vehicle control
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Discussion

Two decades of research have well-established that
autophagy plays a role in chemoresistance. Remarkably,
none of these previous studies have tested if autophagy
inhibitors modulate the PGCC life cycle, despite the
clear formation of these cells following chemotherapy
and radiotherapy. Although it is known that autophagy
is elevated in PGCCs [24, 25], to our knowledge this is
the first study which directly examines the interaction of
autophagy modulating drugs and PGCCs. We observed
that while autophagy inhibitors do not prevent PGCC
formation, autophagy inhibitors are able to reduce the
amount of progeny which arise specifically from PGCCs.
Given that PGCCs are a source of chemoresistant can-
cer cells and a source of random karyotype shuffling
and therefore intra-patient genetic diversity, autophagy
inhibitors may be promising to pursue in the clinic for
HGSC patients exposed to carboplatin or docetaxel
chemotherapy.

Exceptionally large cancer cells with large, abnormal
nuclei have been described in the scientific literature
since the 1850s (reviewed in [32]), and PGCCs are pre-
sent at low levels in many cancer cell lines and in virtu-
ally all types of cancer including HGSC [8, 12, 13, 33, 34].
Cells with these abnormal morphologies were tradition-
ally regarded as dying or irreversibly senescent, but there
is growing recognition that some PGCCs are able to
overcome senescent cell-cycle arrest and spawn near-dip-
loid progeny, enabling cancer cells to survive senescence
induced by therapy or other stresses encountered in the
tumor microenvironment such as hypoxia or nutrient
deprivation [35-37]. Further, the reversible polyploidiza-
tion process facilitates genome instability, which “under-
lies the hallmarks of cancer” [38]. The PGCC life cycle
enables the development of aneuploidy and the myriad
copy number alterations accompanying that process [34].
This genome shuffling yields karyotype diversity that is a
substrate upon which selection acts during tumor evolu-
tion, especially during the development of drug resist-
ance [39].

Here, CAOV3 and OVCARS3 ovarian cancer cell lines
were treated with chemotherapies to induce the PGCC
life cycle: formation of PGCCs and subsequent neosis
and colony formation by PGCCs. Autophagy-modulating
therapeutics were added either during PGCC formation
or during the time that PGCCs were producing progeny
by neosis. We found that these autophagy-modulating
therapeutics had minimal effects or actually increased the
number of PGCCs that were formed in response to CPt
and DTx. In marked contrast, treatment with autophagy-
modulating therapeutics had a strong inhibitory effect
on colony formation after PGCCs were already formed.
Breast cancer PGCCs display elevated markers of
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autophagy LCB-II and p62/SQSTM1 but low autophagic
flux, whereas progeny derived from these PGCCs have
elevated rates of autophagy [25]. Elevated autophagy
during PGCC progeny generation may be necessary to
rid cells of irreversibly damaged DNA, organelles, and
proteins. The lack of an effect of autophagy-modulating
therapeutics on chemotherapy-induced PGCC forma-
tion and the inability of these therapeutics to effect basal
PGCC levels suggests that autophagy is not critical for
PGCC generation. In contrast, during neosis autophagy
is elevated and treatment with the autophagy-modulating
therapeutics HCQ or NFV significantly decreased PGCC
progeny survival.

The similar effect of Rapa on reduced colony forma-
tion post-PGCC formation can be interpreted in a few
ways, based on previous literature. The first, autophagy-
independent explanation would be that Rapa inhibits
cell growth processes via mTORCI inhibition, resulting
in fewer daughter cells. Previous observations make this
interpretation somewhat unlikely; cell growth inhibition
using this same dose of rapamycin in a panel of ovarian
cancer cells exhibited 10-30% reduction in growth rates
[18, 26], not the 52—-84% inhibition of colony formation
observed in the current study. However, autophagy-inde-
pendent roles of mTORC1 may nonetheless be uniquely
important after PGCCs have formed and start to re-
seed tumors. The second interpretation is that Rapa cre-
ates a stress on autophagy, just as HCQ and NFV stress
autophagy, so the similar effects would not be surprising.
This is consistent with the observation that treatment
with all three drugs results in HGSC accumulating aber-
rant vesicles and proteotoxic aggregates, as observed by
electron microscopy [18]. This model further explains
why Rapa actually worsens cytotoxicity of chloroquine
and NFV, rather than ameliorating cell death caused by
their administration. Future studies are warranted to
better understand the molecular mechanism of these
observations.

Aneuploidy was first hypothesized to cause cancer
over a hundred years ago, but the discovery of onco-
genes and tumor suppressor genes led to a “gene-cen-
tric” view of the etiology of cancer [40]. More recently,
however, it has been suggested that a “genome-centric”
view may be similarly appropriate [39]. Chromosomal
instability is a high rate of chromosome mis-segre-
gation that gives rise to aneuploidy. Aneuploidy is a
hallmark of cancer, and~90% of solid tumors have
some degree of aneuploidy at the level of whole chro-
mosomes [40, 41]. In addition, chromosome arm-level
alterations and more focal copy number alterations are
common in cancer and these chromosomal alterations
and are included here in the term ‘aneuploidy’ In most
contexts, aneuploidy is associated with substantial
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fitness costs, but the pervasiveness of chromosomal
instability and aneuploidy in cancers suggests that ane-
uploidies drive tumorigenesis, presumably by increas-
ing genetic diversity. It is suggested that whole-genome
duplications often precede the development of ane-
uploidy [42-46]. Whole genome-duplications are pre-
sent in 37% of all cancers and 53-56% of HGSC [5, 6].
Both ovarian cancer cell lines used here, CAOV3 and
OVCARS3, exhibit a hypotriploid karyotype, indicat-
ing that they likely evolved from a whole genome dou-
bling event followed by chromosome loss [47]. HGSC
is characterized by extensive aneuploidies, and the
degree of aneuploidy correlates with malignancy and
poor prognoses [48—50]. Due to extensive aneuploidy
including focal copy number alterations, ~ two-thirds
of genes are altered in dosage in a typical HGSC tumor
[18]. The autophagy pathway is the most downregu-
lated pathway by copy number alterations in HGSC
with 95% of tumors having multiple heterozygous
deletions in at least four autophagy genes. In addition,
loss of autophagy genes in HGSC is shown to cause
genomic instability [51]. Further, a cocktail of drugs
including chloroquine, NFV, and Rapa which affect
several nodes in the autophagy pathway simultane-
ously demonstrated remarkable efficacy in killing ovar-
ian cancer cells in preclinical studies [26]. By virtue of
having reduced capacity for functional autophagy, it
appears that ovarian cancer cells have a unique vulner-
ability to drugs targeting this pathway.

It is generally accepted that tumor cell populations
evolve, and that intra-tumor genetic heterogeneity is
one source of variation upon which selection acts. In
addition to genetic diversity at the level of gene muta-
tions, genetic diversity arises from genomic diversity
caused by different aneuploidies, and tumor heteroge-
neity also manifests at the epigenetic and phenotypic
levels. Initially in tumorigenesis, gradual clonal evolu-
tion of a population of cells with various oncogene or
tumor suppressor gene mutations results in sustained
proliferation and decreased responsiveness to DNA
damage as well as other cancer hallmarks. Next, exces-
sive endogenous stress in the tumor microenvironment
or stress induced by chemotherapeutics may lead to
chromosomal instability, causing extensive aneuploi-
dies which change the expression levels of thousands of
genes in one generation. These profound chromosomal
alterations may enable rapid punctuated evolution of
cancer genomes and be instrumental in tumor pro-
gression, including the development of chemo resist-
ant relapsed disease. The polyploidization process may
underlie the ability of cancers to evolve resistance to
virtually all current therapies. Following genome dou-
bling, more potential for beneficial mutations is created
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because extra intact copies of genes are available if an
allele is mutated deleteriously. Further, there is more
genomic material available to participate in DNA repair
processes and having additional copies of genes can
result in increased expression of proteins involved in
stress responses. These attributes facilitate the survival
and evolution of cancer cell populations.

Conclusions

Autophagy may present an Achilles heel to PGCCs for
several reasons. Autophagy is induced during senescence,
and autophagy may provide a vital function during senes-
cence such as by recycling damaged cellular constituents.
Proper regulation of autophagy may be necessary for
PGCCs to produce viable progeny. The proper regulation
of autophagy during the PGCC life cycle may be essen-
tial for cancer resurgence, and the data presented here
using clinically available inhibitors of autophagy suggest
that this is indeed the case. In sum, autophagy appears to
present a viable therapeutic target to prevent the deadly
PGCC tumor repopulation process.

Abbreviations

CNA: Copy number alteration; CPt: Carboplatin; DTx: Docetaxel; HCQ: Hydroxy-
chloroquine; HGSC: High-grade serous ovarian carcinoma; NFV: Nelfinavir
mesylate; PGCC: Polyploid giant cancer cell; Rapa: Rapamycin.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512885-022-09503-6.

Additional file 1: Figure S1. Uncropped western blots to accompany
Fig. 6. Red lines denote membrane cuts prior to antibody administration.
Dotted line groups denote different exposures of the same blot.

Acknowledgements
We thank Jessica Hartmann and Henry Sucov for intellectual discussions
regarding polyploid cells.

Authors’ contributions

RRB, MA, and CMJ performed the experiments and analyzed the data. RRB,
SWG, CVJ, and JRD conceived of experiments. All authors contributed to writ-
ing the manuscript. The author(s) read and approved the final manuscript.

Funding

This work was supported by NIH grants CA207729 (JRD), CA256104 (JRD),
CA203628 (CVJ), and GM132055 (CMJ). This research was supported in part
by a grant from the Rivkin Center of Ovarian Cancer (JRD). MA was supported
by an Abney Foundation Scholarship. The MUSC Proteogenomics Facility was
used and is supported by GM103499 and MUSC's Office of the Vice President
for Research. Supported in part by the Hollings Cancer Center, Medical
University of South Carolina (P30 CA138313). Funding bodies had no role in
the design of the study and collection, analysis, and interpretation of data and
in writing the manuscript. The contents are solely the responsibility of the
authors and do not necessarily represent the official views of the NIH.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.


https://doi.org/10.1186/s12885-022-09503-6
https://doi.org/10.1186/s12885-022-09503-6

Bowers et al. BMC Cancer

(2022) 22:410

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Biochemistry and Molecular Biology, Medical University

of South Carolina, Charleston, SC, USA. ?Department of Microbiology

and Immunology, Medical University of South Carolina, Charleston, SC, USA.

Received: 16 November 2021 Accepted: 4 April 2022
Published online: 14 April 2022

References

1.

National Cancer Institute. Surveillance, Epidemiology, and End Results
Program. Cancer stat facts: ovarian cancer. https://seer.cancergov/statf
acts/html/ovary.html.

Coleman RL, Monk BJ, Sood AK, Herzog TJ. Latest research and treat-
ment of advanced-stage epithelial ovarian cancer. Nat Rev Clin Oncol.
2013;10(4):211-24.

Bowtell DD. The genesis and evolution of high-grade serous ovarian
cancer. Nat Rev Cancer. 2010;10(11):803-8.

Stewart C, Ralyea C, Lockwood S. Ovarian cancer: an integrated review.
Semin Oncol Nurs. 2019;35(2):151-6.

ZackTl, Schumacher SE, Carter SL, Cherniack AD, Saksena G, Tabak B,
Lawrence MS, Zhsng CZ, Wala J, Mermel CH, et al. Pan-cancer patterns of
somatic copy number alteration. Nat Genet. 2013;45(10):1134-40.
Quinton RJ, DiDomizio A, Vittoria MA, Kotynkova K, Ticas CJ, Patel S, Koga
Y, Vakhshoorzadeh J, Hermance N, Kuroda TS, et al. Whole-genome
doubling confers unique genetic vulnerabilities on tumour cells. Nature.
2021,590(7846):492-7.

Kumar M, Bowers RR, Delaney JR. Single-cell analysis of copy-number
alterations in serous ovarian cancer reveals substantial heterogeneity in
both low- and high-grade tumors. Cell Cycle. 2020;19(22):3154-66.
Salem A, Pinto K, Koch M, Liu J, Silva EG. Are polyploid giant cancer cells
in high grade serous carcinoma of the ovary blastomere-like cancer stem
cells? Ann Diagn Pathol. 2020;46:151505.

Chen J,Niu N, Zhang J, Qi L, Shen W, Donkena KV, Feng Z, Liu J. Polyploid
Giant Cancer Cells (PGCCs): the evil roots of cancer. Curr Cancer Drug
Targets. 2019;19(5):360-7.

Erenpreisa J, Cragg MS. Three steps to the immortality of cancer cells:
senescence, polyploidy and self-renewal. Cancer Cell Int. 2013;13(1):92.

. White-Gilbertson S, Voelkel-Johnson C. Giants and monsters: Unex-

pected characters in the story of cancer recurrence. Adv Cancer Res.
2020;148:201-32.

Pienta KJ, Hammarlund EU, Brown JS, Amend SR, Axelrod RM. Cancer
recurrence and lethality are enabled by enhanced survival and revers-
ible cell cycle arrest of polyaneuploid cells. Proc Natl Acad Sci U S A.
2021;118(7):22020838118.

Zhang S, Mercado-Uribe |, Xing Z, Sun B, Kuang J, Liu J. Generation of
cancer stem-like cells through the formation of polyploid giant cancer
cells. Oncogene. 2014;33(1):116-28.

Shay JW, Wright WE. Hayflick, his limit, and cellular ageing. Nat Rev Mol
Cell Biol. 2000;1(1):72-6.

. Young AR, Narita M. Connecting autophagy to senescence in patho-

physiology. Curr Opin Cell Biol. 2010;22(2):234-40.

Was H, Borkowska A, Olszewska A, Klemba A, Marciniak M, Synowiec A,
Kieda C. Polyploidy formation in cancer cells: how a trojan horse is born.
Semin Cancer Biol. 2021;51044-579X(21):00053.

Niu N, Zhang J, Zhang N, Mercado-Uribe |, Tao F, Han Z, Pathak S, Multani
AS, Kuang J, Yao J, et al. Linking genomic reorganization to tumor initia-
tion via the giant cell cycle. Oncogenesis. 2016;5(12):e281.

20.

AR

22.

23.

24.

25

26.

27.

28.

29.

30

31

32.

33

34

35

36.

37.

38.

39

40.

8.

Page 12 of 13

Delaney JR, Patel CB, Willis KM, Haghighiabyaneh M, Axelrod J, Tancioni

I, Lu D, Bapat J, Young S, Cadassou O, et al. Haploinsufficiency networks
identify targetable patterns of allelic deficiency in low mutation ovarian
cancer. Nat Commun. 2017;8:14423.

Cancer Genome Atlas Research N. Integrated genomic analyses of ovar-
ian carcinoma. Nature. 2011;474(7353):609-15.

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M, Zhang Q,
McMichael JF, Wyczalkowski MA, et al. Mutational landscape and signifi-
cance across 12 major cancer types. Nature. 2013;502(7471):333-9.

Lu Z Luo RZ, LuY, Zhang X, Yu Q Khare S, Kondo S, Kondo Y, Yu Y,

Mills GB, et al. The tumor suppressor gene ARHI regulates autophagy
and tumor dormancy in human ovarian cancer cells. J Clin Invest.
2008;118(12):3917-29.

Wang J, Wu GS. Role of autophagy in cisplatin resistance in ovarian
cancer cells. J Biol Chem. 2014;289(24):17163-73.

YuH, SuJ, XuY, Kang J, Li H, Zhang L, Yi H, Xiang X, Liu F, Sun L. p62/
SQSTM1 involved in cisplatin resistance in human ovarian cancer cells by
clearing ubiquitinated proteins. Eur J Cancer. 2011;47(10):1585-94.
Erenpreisa JA, Cragg MS, Fringes B, Sharakhov |, lllidge TM. Release of
mitotic descendants by giant cells from irradiated Burkitt's lymphoma cell
line. Cell Biol Int. 2000;24(9):635-48.

Bojko A, Staniak K, Czarnecka-Herok J, Sunderland P, Dudkowska M,
Sliwinska MA, Salmina K, Sikora E. Improved autophagic flux in escapers
from doxorubicin-induced senescence/polyploidy of breast cancer cells.
Int J Mol Sci. 2020;21(17):6084.

Delaney JR, Patel C, McCabe KE, Lu D, Davis MA, Tancioni |, von Schalscha
T, Bartakova A, Haft C, Schlaepfer DD, et al. A strategy to combine
pathway-targeted low toxicity drugs in ovarian cancer. Oncotarget.
2015;6(31):31104-18.

Pyrko P, Kardosh A, Wang W, Xiong W, Schonthal AH, Chen TC. HIV-1
protease inhibitors nelfinavir and atazanavir induce malignant

glioma death by triggering endoplasmic reticulum stress. Cancer Res.
2007;67(22):10920-8.

Mauthe M, Orhon |, Rocchi C, Zhou X, Luhr M, Hijlkema KJ, Coppes

RP, Engedal N, Mari M, Reggiori F. Chloroquine inhibits autophagic

flux by decreasing autophagosome-lysosome fusion. Autophagy.
2018;14(8):1435-55.

Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat Cell Biol.
2011;13(2):132-41.

Tye BW, Commins N, Ryazanova LV, Wuhr M, Springer M, Pincus D,
Churchman LS. Proteotoxicity from aberrant ribosome biogenesis com-
promises cell fitness. Elife. 2019;8:e43002.

Domcke S, Sinha R, Levine DA, Sander C, Schultz N. Evaluating cell lines
as tumour models by comparison of genomic profiles. Nat Commun.
2013;4:2126.

Pienta KJ, Hammarlund EU, Austin RH, Axelrod R, Brown JS, Amend SR.
Cancer cells employ an evolutionarily conserved polyploidization pro-
gram to resist therapy. Semin Cancer Biol. 2020;51044-579X(20):30254.
Niu N, Mercado-Uribe |, Liu J. Dedifferentiation into blastomere-like
cancer stem cells via formation of polyploid giant cancer cells. Oncogene.
2017,36(34):4887-900.

Erenpreisa J, Salmina K, Anatskaya O, Cragg MS. Paradoxes of cancer:
survival at the brink. Semin Cancer Biol. 2020;51044-579X(20):30269.
Zhang J, Qiao Q, Xu H, Zhou R, Liu X. Human cell polyploidization: the
good and the evil. Semin Cancer Biol. 2021;51044-579X(21):00106.
Coward J, Harding A. Size does matter: why polyploid tumor cells are
critical drug targets in the war on cancer. Front Oncol. 2014;4:123.
Zhang S, Mercado-Uribe |, Hanash S, Liu J. iTRAQ-based proteomic
analysis of polyploid giant cancer cells and budding progeny cells reveals
several distinct pathways for ovarian cancer development. PLoS ONE.
2013;8(11):80120.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144(5).646-74.

Heng J, Heng HH. Genome chaos: creating new genomic infor-

mation essential for cancer macroevolution. Semin Cancer Biol.
2020;51044-579X(20):30224.

Vasudevan A, Schukken KM, Sausville EL, Girish V, Adebambo OA, Sheltzer
JM. Aneuploidy as a promoter and suppressor of malignant growth. Nat
Rev Cancer. 2021;21(2):89-103.


https://seer.cancer.gov/statfacts/html/ovary.html
https://seer.cancer.gov/statfacts/html/ovary.html

Bowers et al. BMC Cancer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

(2022) 22:410

Taylor AM, Shih J, Ha G, Gao GF, Zhang X, Berger AC, Schumacher SE,
Wang C, Hu H, Liu J, et al. Genomic and functional approaches to under-
standing cancer aneuploidy. Cancer Cell. 2018;33(4):676-689 e673.
Fujiwara T, Bandi M, Nitta M, Ilvanova EV, Bronson RT, Pellman D. Cytoki-
nesis failure generating tetraploids promotes tumorigenesis in p53-null
cells. Nature. 2005;437(7061):1043-7.

Lissa D, Senovilla L, Rello-Varona S, Vitale I, Michaud M, Pietrocola F,
Boileve A, Obrist F, Bordenave C, Garcia P, et al. Resveratrol and aspirin
eliminate tetraploid cells for anticancer chemoprevention. Proc Natl Acad
SciUSA.2014;111(8):3020-5.

LvL, ZhangT,Yi Q Huang Y, Wang Z, Hou H, Zhang H, Zheng W, Hao Q,
Guo Z, et al. Tetraploid cells from cytokinesis failure induce aneuploidy
and spontaneous transformation of mouse ovarian surface epithelial
cells. Cell Cycle. 2012;11(15):2864-75.

Bielski CM, Zehir A, Penson AV, Donoghue MTA, Chatila W, Armenia J,
Chang MT, Schram AM, Jonsson P, Bandlamudi C, et al. Genome doubling
shapes the evolution and prognosis of advanced cancers. Nat Genet.
2018;50(8):1189-95.

Nicholson JM, Cimini D. Doubling the deck: tetraploidy induces chromo-
some shuffling and cancer. Cell Cycle. 2012;11(18):3354-5.

Lambros MB, Fiegler H, Jones A, Gorman P, Roylance RR, Carter NP, Tomlin-
son IP. Analysis of ovarian cancer cell lines using array-based comparative
genomic hybridization. J Pathol. 2005;205(1):29-40.

Lassus H, Staff S, Leminen A, Isola J, Butzow R. Aurora-A overexpression
and aneuploidy predict poor outcome in serous ovarian carcinoma.
Gynecol Oncol. 2011;120(1):11-7.

Ozalp S, Yalcin OT, Gulbas Z, Tanir HM, Minsin T. Effect of cellular DNA
content on the prognosis of epithelial ovarian cancers. Gynecol Obstet
Invest. 2001,52(2):93-7.

Kim YT, Zhao M, Kim SH, Lee CS, Kim JH, Kim JW. Prognostic significance
of DNA quantification by flow cytometry in ovarian tumors. Int J Gynae-
col Obstet. 2005;88(3):286-91.

Delaney JR, Patel CB, Bapat J, Jones CM, Ramos-Zapatero M, Ortell

KK, Tanios R, Haghighiabyaneh M, Axelrod J, DeStefano JW, et al.
Autophagy gene haploinsufficiency drives chromosome instability,
increases migration, and promotes early ovarian tumors. PLoS Genet.
2020;16(1):21008558.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Autophagy modulating therapeutics inhibit ovarian cancer colony generation by polyploid giant cancer cells (PGCCs)
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture
	Chemotherapy-induced polyploid giant cancer cell induction and neosis
	Nuclear Quantification
	Western blotting
	Quantification of colony formation with crystal violet
	Statistical analysis

	Results
	PGCC life cycle overview and experimental setup
	Induced formation of PGCCs by standard HGSC chemotherapies
	Autophagy inhibitors do not prevent PGCC formation
	The autophagy activator rapamycin  does not exacerbate PGCC formation
	Autophagy-targeting therapeutics affect expression of the autophagy markers GRP78 and LC3B
	Autophagy disrupting drugs prevent tumor cell colony formation from isolated PGCCs

	Discussion
	Conclusions
	Acknowledgements
	References


